Annealing is widely used as a means of changing the physical properties of a material. The rate of heating and cooling used in the annealing process controls the final properties. Annealing can be used as a means of driving towards the, or at least a, thermodynamic minimum. There is surprisingly little information on annealing kinetically-trapped supramolecular gels. Here, we show that annealing multicomponent gels can be used to prepare materials with tunable mechanical properties. We show that annealing in a two-component gel leads to a self-sorted network, which has significantly different mechanical properties to the asprepared gels. Whilst the fibres are self-sorted, we show that the annealing of this system leads to significant change in the network level of assembly, and it is this that leads to the increase in storage modulus. We also show that it is possible to selectively anneal only a single component in the mixture. † Electronic supplementary information (ESI) available. See
Introduction
Gels are widely used and extremely useful materials. One interesting class, low molecular weight gels (LMWG) has applications in areas as diverse as biomaterials and optoelectronics. [1] [2] [3] [4] [5] These gels arise from the self-assembly of small molecules into fibre networks. These LMWG are often not at equilibrium, but rather the gels represent kineticallytrapped states. The process by which the gels are prepared often controls the final properties and hence it is possible to make different gels under the same final conditions by varying how the gel is formed. [6] [7] [8] This means that it can be difficult to prepare reproducible gels if the conditions used are not sufficiently well controlled, but this also opens up opportunities. For example, instead of preparing many molecules to find one that gives gels with the required properties, one can more easily vary the process of gelation instead. 8, 9 One of the key issues with using LMWG is that it is very difficult to predict which molecules will form gels and which will not. 4 On top of this, predicting what the properties will be of a gel formed from a particular LMWG is essentially imposs-ible. Hence, a more pragmatic approach is to find robust LMWG and develop methods for controlling, modulating and modifying the properties of the gels that can be formed from robust LMWG.
Many materials are prepared such that a kineticallytrapped state is formed. 6, 7, 10 Kinetically-trapped states provide opportunities to prepare a range of interesting and useful materials from a single set of components, as long as the energy well is not too deep. 10, 11 From the same starting material, different properties can be accessed by varying how the different states are accessed. It can be possible to move between states, hence allowing tunable and triggerable materials to be accessed.
Considering that LMWG are often kinetically-trapped, and many gels are formed using a heat-cool approach, there has been surprisingly little work carried out on annealing them. Where it has been reported, it is for single component systems. 7, [12] [13] [14] [15] LMWG are a result of non-covalent interactions and so there is the potential to change between states if the energy barriers are suitably low.
Using multicomponent systems where both components can independently form gels can be an effective strategy for preparing gels with properties that cannot be achieved with either individual component. [16] [17] [18] [19] [20] [21] Multicomponent systems offer even higher possibilities for tuning than single component systems, but the complexity is significantly greater. Whilst annealing has been examined for a small number of single component systems, to the best of our knowledge there are no examples for multicomponent systems, which are significantly more complicated, but also provide added opportunities.
Results and discussion
In this paper, we discuss a multicomponent system of two gelators, [22] [23] [24] [25] based around a dipeptide or an amino acid functionalized at the N-terminus (1 and 2, Fig. 1a ). 26, 27 We use a solvent-triggered approach where the gelator is initially dissolved in a water-miscible solvent such as DMSO, followed by the addition of water. 9, [28] [29] [30] [31] [32] This drives a phase separation that results in spherulitic domains of fibers that entangle to form a self-supporting gel. 30, 33, 34 The gels formed by this method are kinetically trapped. Applying a multicomponent gelator approach here, we used gelation conditions which were optimized for mixing experiments; the concentrations of the gelators were chosen such that both 1 and 2 formed gels at the same final ratio of DMSO : water (a ratio of 3 : 7 was used throughout) and that the gel melting temperatures were in a suitable range for analysis (see below). We stress that we have optimized the system here to demonstrate the principle; the concentrations and ratios of gelators and the solvent composition have been chosen to allow distinct melting points to be compared. We have done this as we aim to show clearly the effects of annealing; it is extremely difficult to deconvolute this information when there are simultaneous processes occurring.
1 forms transparent gels at this ratio of DMSO : water and a concentration of 4 mg mL −1 (Fig. 1b ). The gels are reproducible ( Fig. S10 †) , and typical of a LMWG. The gel is stable until a strain of ∼4% before G′ starts to deviate from linearity ( Fig. S10a †) . The storage modulus (G′) and loss modulus (G″) are relatively independent of frequency ( Fig. S10b †) . We have previously shown that heating and cooling gels formed by 1 results in the gel melting, and then re-forming. 30 On heating, G′ and G″ slowly decrease until a plateau at around 65°C ( Fig. 1c ). On re-cooling, G′ and G″ only start to increase again at around 36°C, with a gel of similar transparency formed to the original. At 15°C, the values of both moduli are slightly higher than for the original gel.
The increase in moduli by annealing is explained by a change in the gel microstructure ( Fig. 2a ), from spherulitic domains to a more uniform distribution of fibers.
The thermal behaviour was backed up by the dropping ball method, which showed similar melting and re-gelation temperatures ( Fig. S11 †) . The hysteresis between the melting and re-gelling temperature can be explained by the need to form a network. On melting, the gel gets weaker as 1 dissolves. On cooling, 1 starts to re-assemble, but a gel is only formed when the network spans the entire sample. NMR experiments show a symmetrical solubility on heating and cooling of 1 ( Fig. S12 †) , showing that this hysteresis is not due to asymmetric solubility. Such hysteresis has been observed elsewhere, 35, 36 although we note that not all LMWG show this effect. 12, 13 After annealing, the gels are again reproducible, and are essentially frequency-independent ( Fig. S13 †) . The gels break at a very similar strain as before annealing, although the absolute values of the moduli are higher.
Gels can also be formed at this ratio of DMSO : water using 2 ( Fig. 1a ). To re-iterate, we optimized the conditions such that the gels melted at a different temperature to those of 1. Hence, gels were formed from 2 at 8 mg mL −1 . The single component gel of 2 was turbid ( Fig. 1b) . The gels were again reproducible ( Fig. S14 †) . G′ and G″ were essentially frequency independent, with the gels having a similar breakdown to 1 under increasing strain. On heating, G′ and G″ slowly decrease up to 80°C (Fig. 1d ). On cooling, G′ and G″ increase once again at around 62°C, with higher moduli than for the original gel ( Fig. 1d ). After annealing, the gels of 2 are reproducible ( Fig. S15 †) . The annealed gel is a little more transparent than the original ( Fig. 1b ) with small crystals in the gel (Fig. S16 †) . A significant change in microstructure also occurs on annealing ( Fig. 2b) . Using a very slow cooling rate, it is possible to grow crystals from the gel which are suitable for crystal X-ray diffraction study ( Fig. S16 and S17 †). A hydrogen bond links the carboxylate OH (O2) and amide oxygen (O11′), forming a chain which propagates parallel to the b-axis as shown in Fig. S17 . † However, we have shown a number of times that the crystal structure of crystals obtained even from a gel phase and the diffraction pattern obtained from the gel phase show little correlation, 37, 38 leading us to suggest that it is likely that there is little link here between the packing in the gel and the crystal phase.
We then examined the multicomponent system, denoted (1 + 2). The amount of each gelator used was the same as in the single component (4 mg mL −1 of 1 and 8 mg mL −1 of 2). Compared to the individual components, the rate of assembly is different as shown by turbidity measurements (Fig. S18 †) . 1 alone forms a gel via a process where highly scattering structures are initially formed, before a transparent gel phase is formed. 30,39 2 alone forms a highly scattering gel almost immediately. In the mixture (1 + 2), there is an initial process which is reminiscent of the assembly of 1, followed by an increase in turbidity associated with the gelation of 2. Such changes in the rate of assembly have been shown in multicomponent systems previously. 29 A gel formed from (1 + 2) is shown in Fig. 3a . The properties of the mixed gels are again typical of a LMWG. The gels are frequency independent, with the value of G′ being higher than that of either 1 or 2 alone, as expected on the basis of the higher overall gelator concentration (Fig. 3b ). However, the strain sweep shows a profile which is much more similar to that of the gels of 2 alone as opposed to that of 1 (Fig. 3c) .
When annealing the gel from (1 + 2) ( Fig. 3d ), G′ and G″ slowly decrease before reaching a plateau at around 65°C, following the profile of 1 alone, before decreasing again as for 2. Sequential melting points in a self-sorted system have been previously described, 35 but not linked to the rheological data. On cooling, there is a short plateau before G′ and G′′ increase, stabilizing around 50°C, before a second increase in G′ and G′′. The temperatures at which both increases in G′ and G′′ occur closely match those for the single component gels. This strongly implies self-sorting is occurring. 25 After annealing, the gels are two orders of magnitude stiffer than originally and are frequency-independent (Fig. 3b ). There is a significantly different breakdown under strain as compared to before heating, with two points in the strain sweep where the moduli decrease indicating two types of network (Fig. 3c ). Hence, annealing affects both the absolute stiffness and also the breakage strain. We stress here that the effects observed are due to the annealing and not due to time (Fig. S23 †) .
To explain these differences on annealing, we used small angle X-ray scattering (SAXS) and confocal microscopy. SAXS probes the primary structures forming the gels, whilst confocal microscopy probes the microstructure. As such, we cover the important length scales with these techniques. Critically, both techniques allow us to probe the gel without the need for drying. Drying can lead to artefacts, 40 especially in gels from binary solvent mixtures. The scattering data for the gels formed from 1 alone are very similar before and after annealing, showing that the primary structures leading to gelation are essentially the same (Fig. 4a ; fits, table of fitting parameters, and further data are shown in Fig. S19 †) . The data are typical of this class of LMWG 30 and can be fitted to a flexible cylinder model combined with a power law to take into account the scattering at low Q. The cylinders have a radius of 3.7 ± 0.04 nm before annealing, and 3.9 ± 0.06 nm afterwards, with similarly small changes in the Kuhn length. Confocal microscopy shows a significant difference in the microstructure (Fig. 5a ). Hence, for 1, we can interpret that the primary structures leading to gelation are essentially the same, but their distribution in space is different, leading to the different gel properties.
For gels formed from 2 alone, the SAXS data are different before and after heating, agreeing with the observations that the annealing leads to some crystallization. The scattering is dominated by a power law (Fig. 4b) , which is consistent with the structures that are scattering being outside the accessible Q-range over which the data were collected in agreement with the confocal microscopy (Fig. 2b) . The annealing has led to the structures becoming significantly larger, with a propensity to crystallize. For the multicomponent system, the SAXS data are significantly different before and after annealing. Before heating, the data are reminiscent of that of 2 alone. After annealing, the data are very similar to that of 1 alone, and the data fits well to a flexible cylinder model with a radius of 4.3 ± 0.07 nm. The confocal microscopy however shows structures after annealing that are most similar to those of 2 (Fig. 3) . This apparent con-tradiction can be explained by the fact that, on cooling, 2 forms structures first so entraps the dye added as stain (Nile Blue). When 1 assembles, there is little dye still available and hence the structures formed by 1 are not detected by confocal microscopy. However, under polarized light, there are limited indications of crystallinity ( Fig. 3b and S20 †) , implying that the structures formed by 2 have been modified by being formed in the presence of 1. This is backed up by NMR data; whilst the signal intensity for 1 in the mixture is essentially the same as for the single component, the solubility of 2 is affected by the presence of 1 (Fig. S21 †) .
The changes in the gel structure in the gels on annealing can also be rationalized from the power law gradient of the SAXS data. 41, 42 1 has a gradient of −2, which would be expected from a mass fractal network such as the kind of gel described here. 2 has a gradient of −4, which, as with the fit of the data to a power law suggests objects too large to be resolved by the SAXS. Prior to annealing, (1 + 2) has a gradient of −3, which suggests a mass fractal with a tight, interconnected structure. However, after annealing, the gradient changes to −2, showing that the structure has returned to a network resembling gel 1. The process for the single components and the mixture is shown schematically in Fig. 6 .
Finally, the distinct melting temperatures show that the networks are independent on initial formation and we have a selfsorted network after annealing. If this is the case, it should be possible to selectively melt and anneal only one of the networks. This is indeed possible. Heating the (1 + 2) gel to 65°C leads to a decrease in the moduli in line with the melting of the gel of 1 only. Subsequent cooling leads to the expected increase in moduli consistent with our data (Fig. S22 †) .
Conclusions
Most reports on gels describe static systems where a gel is formed and used as is. In terms of tunable materials, there are many examples of simple gel-to-sol transitions in single component systems, for example triggered by light or by heating. There has also been significant recent work on the formation of transient assemblies, 43, 44 but their use is limited to the few applications require the networks to only exist for short times. Instead, we believe that there is more utility in being able to prepare tunable and responsive networks, where specific input from the user results in a significant and useful change in properties.
Annealing can be applied to many different materials as a means of driving from kinetically trapped structures to those at the (or at least a local) thermodynamic minimum. Whilst routinely prepared using heat-cool cycles, annealing is not common in supramolecular gels. We have shown how annealing can be used to change the underlying microstructure in both single and multicomponent gels. Annealing in a twocomponent gel leads to a self-sorted network, which has significantly different mechanical properties to the as-prepared gels. A key question is why there is an increase in mechanical properties. Showing and proving self-sorting at the fibre level does not necessarily provide information on the network level. We suggest that annealing of this system leads to significant change in the network level of assembly, resulting in the increase in storage modulus.
Such changes in mechanical properties are likely to not only affect the stiffness, but also diffusion and transport in the gel. This could be of use in controlled release systems for example. It is also possible to selectively anneal only a single component in the mixture. Whilst we show here a specific example, we believe that this approach will be widely applicable and so opens up new opportunities to control gel networks on demand to provide tunable, triggerable materials. We have shown that annealing a multicomponent system results in gels with properties that are not simply an addition of the properties of what might be expected from the single components.
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